a b s t r a c t Introduction: Staphylococcus spp. -both S. aureus, including methicillin-resistant strains (MRSA) and coagulase negative staphylococci (CoNS) -are relevant agents of healthcareassociated infections. Therefore, the rapid recognition of MRSA and methicillin-resistant
Introduction
Sepsis is the systemic response to infection and is the result of the complex interaction between the host's immune system and the infecting microorganism. 1 Many bacteria are isolated from bloodstream infections, including Gram-positive and Gram-negative bacteria. According to the US Centers for Disease Control and Prevention (CDC), 2 a clear change in the nature of the infectious microorganisms has occurred over the past decade, when Gram-positive cocci have exceeded Gramnegative bacilli as the main etiological agents of sepsis and Staphylococcus spp. have become the most prevalent agents.
The genus Staphylococcus comprises 52 species 3 ; of these, 17 can be isolated from human biological samples. The genus can be divided into two main groups: coagulasepositive staphylococci, whose main member is S. aureus, and coagulase-negative staphylococci (CoNS). Staphylococcus aureus possesses a wide variety of virulence factors, including peptidoglycan, teichoic acid, enzymes and toxins, adhesion molecules, and four types of cytotoxins. 4 They can cause different types of infection, many of them acquired in the hospital environment. About 20% to 30% of the human population is colonized with this bacterium and the nasal mucosa is the main ecological niche. 5 A relevant factor that complicates treatment of staphylococcal infections is the high resistance rate to ␤-lactam antibiotics observed among Staphylococcus spp., which requires large-scale use of expensive or toxic antibiotics. Staphylococcus spp. resistance to ␤-lactam antibiotics is mainly due to two different mechanisms which, however, can interact. The first mechanism consists of the production of ␤-lactamase, an enzyme that hydrolyzes the antibiotic. The second mechanism is related to a change in the site of action of ␤-lactams by producing a new penicillin-binding protein, PBP2a, which has low affinity for antibiotics and is absent in susceptible staphylococci. 6 PBP2a is encoded by the mecA gene. This gene is located on a mobile genetic element called SCCmec (staphylococcal cassette chromosome mec), which is widely distributed among staphylococci. 7 PBP2a acts as a transpeptidase that resumes cell wall synthesis functions when other PBPs are inhibited, thus ensuring the integrity of the bacterial cell in the presence of ␤-lactams. 8 In view of the above considerations, rapid detection of bacteremia and the subsequent rapid identification of the bacteria involved and their susceptibility to antibiotics are of great diagnostic and prognostic importance. Multiplex polymerase chain reaction (PCR) allows to amplify genes of multiple pathogens and more than one specific DNA sequence of each pathogen using multiple sets of primers in a single reaction. This technique permits rapid detection and is effective in identifying pathogenic microorganisms in clinical samples, especially those that require urgent initiation of treatment.
The aim of the present study was to evaluate the efficacy, accuracy and sensitivity of multiplex PCR in detecting Staphylococcus spp., S. aureus, and mecA gene-encoded oxacillin resistance directly from blood culture bottles. 
Material and methods

Isolates
Sample collection
The isolates included in the study were obtained on the day following growth detection in a Bactec 9120 system and after confirmation of containing probable Staphylococcus spp. by Gram staining (Gram-positive cocci) and positive catalase tests.
The blood culture bottles were disinfected with 70% alcohol and 3 mL of blood was collected with a 5 mL syringe and 70 × 25-mm needle into two microtubes (1.5 mL per microtube). One microtube was used for seeding onto blood agar for phenotypic identification and the other microtube was used for extraction of bacterial DNA for multiplex PCR.
Phenotypic identification of S. aureus and coagulase-negative staphylococci
Phenotypic identification was performed at the Laboratory of Bacteriology, Department of Microbiology and Immunology, Botucatu Biosciences Institute, UNESP. The samples were seeded into blood agar and incubated for 24 h at 37 • C. After isolation from blood agar, the bacteria were submitted to Gram staining for confirmation of morphological staining characteristics, catalase test for characterization of the genus Staphylococcus, and coagulase test for differentiation between S. aureus and CoNS.
DNA extraction directly from blood culture
Before DNA extraction, the samples were treated to remove interfering elements in the blood culture. The sample was centrifuged at 850 × g for 2 min. 9 The supernatant was transferred to another microtube and again centrifuged at 11,000 × g for 1 min. The supernatant was carefully discarded, leaving only the pellet. Five hundred microliters of lysozyme buffer (1 M EDTA, 0.1 M NaCl, 10 mM Tris, pH 8.0, and 5% Triton X-100) was then added to the pellet and the mixture homogenized in a vortex. Next, 800 L benzyl alcohol (Sigma) was added, the mixture homogenized in a vortex, and the microtube centrifuged at 7000 × g for 5 min. 10 Tw o phases formed in the microtube, the lower phase contained the alcohol with interfering substances (inhibitors) and the upper phase the bacteria.
For DNA extraction, 320 L of the liquid was removed from the upper phase and transferred to another microtube and 10 L lysozyme was added (10 mg lysozyme in 1 mL 10 mM Tris-HCl). The microtube was homogenized in a vortex and incubated at room temperature for 15 min, homogenizing the microtube at five-minute intervals. After this period, 10 L proteinase K was added and the mixture was incubated for 15 min at 56 • C, homogenizing the microtube at five-minute intervals in a vortex. The liquid (330 L) was transferred to a silica column provided by the Illustra extraction kit (GE Healthcare). This column was placed inside a tube and centrifuged at 11,000 × g for 1 min. Lysis solution (500 L) was added and the column centrifuged at 11,000 × g for 1 min. Next, 500 L washing solution was added and the column was again centrifuged at 11,000 × g for 3 min. The tube was discarded and the column was transferred to a microtube. Elution solution (200 L) pre-warmed to 70 • C in water bath was then added to the column. After incubation at room temperature for 1 min, the microtube was centrifuged at 11,000 × g for 1 min and the DNA obtained was stored in a freezer at −20 • C.
Antimicrobial susceptibility testing
The isolates were submitted to in vitro susceptibility testing by the disk diffusion method on Mueller-Hinton agar plates at the Laboratory of Microbiology, Department of Internal Medicine, University Hospital, Botucatu Medical School, UNESP, according to the Clinical and Laboratory Standards Institute criteria. 11
Standardization of multiplex PCR for the detection of Staphylococcus spp., S. aureus, and mecA gene
First, PCR was standardized using a range of annealing temperatures to establish the adequate annealing temperature for all primers (Table 1) . Amplification was performed in an Eppendorf thermocycler. The amplification conditions were: 92 • C for 3 min, followed by 30 cycles of DNA denaturation at 92 • C for 1 min, annealing at 56 • C for 1 min, and extension at 72 • C for 3 min. The final reaction volume was 35 L containing 
Sensitivity test
The sensitivity of multiplex PCR was evaluated by amplifying serial dilutions of S. aureus and CoNS control strains, starting with a dilution of 10 −1 (corresponding to 10 7 CFU/mL) until 10 −7 (10 CFU/mL) based on a 0.5 McFarland standard (1.5 × 10 8 CFU/mL).
Specificity test
The specificity of multiplex PCR was evaluated by PCR using strains of other microbial species isolated directly from a culture and from positive blood culture bottles containing other bacterial species. The following species were analyzed: 
Detection of ˇ-lactamase hyperproduction and resistance profile confirmation
The isolates not carrying mecA gene although resistant to oxacillin by the disk diffusion test were submitted to the fowling tests to confirm if they were ␤-lactamase hyperproducers, and to confirm the resistance profile: nitrocefin disk test for ␤-lactamase hyperproduction; simplex PCR for mecA gene detection, cefoxitin by disk diffusion, and amoxicillin/clavulanic acid disk test for resistance confirmation.
Statistical analysis
The kappa statistic was calculated to assess agreement between the methods used for the identification of Staphylococcus sp. A level of significance of 5% was adopted for all tests. Statistical analyses were performed using SSPS software version 19.0 (SSPS Inc., Chicago, IL). 
Results
Phenotypic identification and susceptibility tests
Multiplex PCR
Multiplex PCR was standardized for genotypic identification of the genus Staphylococcus (16S rRNA gene), to differentiate coagulase-positive staphylococci and CoNS (coa gene), to identify S. aureus (S. aureus-specific gene), and to detect oxacillin resistance (mecA gene) directly from blood culture bottles ( Fig. 1) .
Amplification was performed on all 371 isolates included in the study. In the case of the 85 S. aureus isolates identified phenotypically, there was 100% agreement with the multiplex PCR results, with amplification of the 16S rRNA, S. aureus and coa genes. Among the 286 CoNS isolates included, 100% agreement between the two methods was only observed in terms of amplification of the 16S rRNA gene.
Amplification of the mecA gene was observed in 43 (50.6%) of the 85 S. aureus isolates; of these, 42 were resistant to oxacillin by the disk diffusion test and one isolate was susceptible. Among the 42 (49.4%) mecA gene-negative isolates, 41 were susceptible by the disk diffusion method and one isolate was resistant. The mecA gene was amplified in 225 (78.7%) of the 286 CoNS isolates; of these, 218 were resistant to oxacillin by the disk diffusion test and seven were susceptible. Among the 61 (21.3%) mecA gene-negative CoNS isolates, 43 were classified as susceptible by the disk diffusion test and 18 were resistant. 
Detection of ˇ-lactamase hyperproduction and resistance profile confirmation
Sensitivity and specificity of the multiplex PCR
In the sensitivity test, amplification of fragments was observed up to a dilution of 10 −5 (10 3 CFU/mL) for CoNS and of 10 −2 (10 6 CFU/mL) for S. aureus, as shown in Fig. 2 . Analysis of specificity using isolates of other species revealed no amplification of any fragments of the genes investigated by multiplex PCR (Fig. 3 ).
Costs analysis
The cost of multiplex PCR and the automated Vitek 2 system, the system used for direct bacterial identification in blood cultures at the Laboratory of Microbiology, Department of Internal Medicine, University Hospital, Botucatu Medical School, UNESP, was lower than the phenotypic method ( Table 2 ).
Discussion
Among the 371 Staphylococcus spp. positive blood culture samples included in this study, 23% were positive for S. aureus dilution (10 CFU/mL); 5: 10 −6 (10 2 CFU/mL); 6: 10 −5 (10 3 CFU/mL); 7: 10 −4 (10 4 CFU/mL); 8: 10 −3 (10 5 CFU/mL); 9: 10 −2 (10 6 CFU/mL); 10: 10 −1 (10 7 CFU/mL), 11: S. aureus 10 −7 dilution (10 CFU/mL); 12: 10 −6 (10 2 CFU/mL); 13: 10 −5 (10 3 CFU/mL); 14: 10 −4 (10 4 CFU/mL); 15: 10 −3 (10 5 CFU/mL); 16: 10 −2 (10 6 CFU/mL); 17: 10 −1 (10 7 CFU/mL); 18: 100-2000 bp molecular weight marker. 13, 14 In view of this increase in resistant isolates, treatment options have narrowed down to glycopeptides and new synthetic drugs such as linezolid. 15 In addition to being expensive and toxic, these drugs select resistant strains. In some countries there are reports of Staphylococcus spp. resistant to vancomycin, which increasingly limits the therapeutic options. 16, 17 In view of these considerations, the faster the results of culture and antimicrobial susceptibility testing are released, the faster the physician can adjust treatment, reducing the risks and harm caused by the organism to the patient. In the present study, a multiplex PCR assay that permitted direct detection of oxacillin-resistant S. aureus (MRSA) in blood cultures was developed using an extraction technique that was effective and able to eliminate interfering elements present in blood. Bloodstream infections caused by MRSA complicate the prognosis of the patient, increasing the length-of-hospital stay, mortality rate, number of invasive procedures, and hospitalization costs. 18 Investigation of the coa gene included in the multiplex assay for detection of all coagulase-positive staphylococci and the use of the S. aureus-specific SAU primer permit to establish whether the isolate is S. aureus or not.
In addition to the detection of Staphylococcus spp., the multiplex assay proposed in this study also included investigation of the mecA gene to detect oxacillin resistance, in order to guide patient treatment at the time of identification. Pereira et al. 19 developed a multiplex PCR assay that directly identified three Staphylococcus spp. species, S. aureus, S. epidermidis and S. haemolyticus, and the mecA gene in blood cultures, but this identification was restricted to these species. The multiplex assay standardized in this study permits the detection of all staphylococcal species isolated from bacteremias. The multiplex PCR was tested using 371 samples, 13 blood culture samples containing other bacterial species and bacterial DNA of other species directly from bacterial culture, showed good sensitivity and specificity.
In addition to being specific, our multiplex PCR assay exhibited a detection threshold of MRSA of 10 6 CFU/mL. Similar thresholds have been reported in other studies. 20 The threshold may decrease with increasing number of amplified genes, but even so the threshold found in this study was within the proposed range of detection since, according to Pereira et al., 20 positive blood cultures present a growth of about 10 9 CFU/mL. The only discrepancy observed in this study was the detection of the mecA gene by the standardized multiplex PCR assay and susceptibility to oxacillin in the phenotypic test, with the mecA gene not being detected in 19 isolates resistant to oxacillin (one S. aureus isolate and 18 CoNS isolates). In these isolates, the mecA gene was detected by simplex PCR, confirming the results of multiplex PCR. This discrepancy has also been reported in other studies [20] [21] [22] [23] and may be related to other types of resistance such as ␤-lactamase hyperproduction or modification of another PBP. Furthermore, eight isolates were positive for the mecA gene and were susceptible in the phenotypic test (one S. aureus isolate and 7 CoNS isolates). These findings highlight the importance of genotypic techniques for the detection of oxacillin resistance, but do not rule out the need for other phenotypic techniques to initiate more specific and effective treatment.
The implementation of a molecular biology technique such as multiplex PCR to assist in the rapid diagnosis of bloodstream infections may be associated with high costs for the institution. A cost analysis performed in the present study showed that the identification of species in culture, i.e., after detection of a positive blood culture with the Bactec system, its seeding on culture plates and identification, which is done with the Vitek 2 system at the Laboratory of Microbiology in Botucatu Medical School has an average cost of US$ 6.76. In the case of multiplex PCR, which does not require seeding of the blood culture for isolation of the microorganisms since it uses direct identification from blood culture bottles, DNA extraction and PCR amplification for detecting Staphylococcus spp., S. aureus, and the mecA gene were estimated to cost US$ 4.35 per isolate.
The multiplex PCR assay developed here was found to be sensitive, specific, rapid and less expensive than the phenotypic technique used, and showed good agreement with the phenotypic results. This method could be used in clinical laboratories for rapid identification and initiation of specific and effective treatment, reducing patient mortality and morbidity. Furthermore, this method may reduce the misuse of other antimicrobial classes that are more expensive and toxic, thus contributing to the selection of antibiotic-resistant Staphylococcus spp.
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